INTRODUCTION
Predicted and recorded range shifts and spread of agricultural and forest insect pests due to climate change is a cause of concern (Battisti & Larsson, 2015) . This unfortunately can not be dismissed as unfounded, as pest species arriving in new areas have repeatedly been reported causing signifi cant environmental and economic losses (Lodge, 1993; Cannon, 1998; Pimentel et al., 2000) .
Because environmental factors play a crucial role in the performance of many pests, climate change can facilitate invasions of pests by rendering new areas similar enough to the original distribution range of the pest species (Vän-ninen et al., 2011) . Successful range expansion across latitudes, particularly at high latitudes, requires that species are able to use local temperature and/or day length as cues 13°42´E) in the autumn of 2012 and from twelve females collected as larvae in Southern Finland (60°N) and fi fteen females from a northern (69°N) laboratory strain in Finland (Fig. 1) . Eggs of O. brumata were obtained from fi fteen females collected in Germany and ten females from a northern laboratory strain in Finland. The laboratory strains of E. autumnata and O. brumata have routinely been complemented with wild individuals. Only two egg-laying females of E. defoliaria were found and collected in southern Finland (Turku, 60°26´N, 22°10´E) and four in Germany.
The females were kept outdoors individually in plastic jars and given twigs or tightly rolled and tied pieces of tissue paper as a substrate for egg-laying. All the eggs laid by the German females were stored outdoors in the vicinity of their respective areas of origin until mid-December when they were transferred to -5°C. The Finnish E. autumnata and O. brumata eggs were stored in a laboratory at +1 to -4°C and the Finnish E. defoliaria eggs outdoors in Finland until the end of December when they were fi rst transported on an ice brick to Germany by plane and there transferred to -5°C.
In April 2013, eggs from all seven populations were randomly (clearly fl attened or discoloured eggs were not included) assigned to one of three replicates of 15 eggs each. The German O. brumata replicates and the E. autumnata replicates from Northern Finland all contained one egg from each female. In the other cases, eggs from less than fi fteen females were available and the replicates consisted of an even mix of eggs from the different females. The eggs of one female commonly hatch synchronously within one to three days, although the range depends on temperature (T. Klemola, pers. obs.). The eggs, contained in closed 30 ml glass bottles, were placed in a constant climate chamber (Binder KBF 720) on 16 th of April. Additional sets of three replicates of the Finnish E. autumnata and O. brumata populations were placed in this chamber six days later, on 22 nd of April. The temperature in the climate chamber was set weekly to match an average temperature for that week calculated from temperatures measured in 2008-2012 at the weather station in Southern Finland (Artukainen, Turku: 60°27´N, 22°10´E). Daylight fl uorescent tubes (two Narva BIO vital LT 21W T5-EQ/958 and one Narva BIO vital LT 14W T5-EQ/958) were mounted in The synchrony between moth egg hatching and budburst in spring has been extensively studied in Northern Europe in two spring-feeding univoltine geometrids, the autumnal moth, Epirrita autumnata (Borkhausen), and the winter moth, Operophtera brumata (Linnaeus) (Tenow, 1972; Buse & Good, 1996; Bylund, 1999; Visser & Holleman, 2001; Jepsen et al., 2011) . In northern Fennoscandia, the larvae of both species are highly dependent on young leaves of mountain birch, Betula pubescens ssp. czerepanovii (Tenow, 1972; Bylund, 1999) . In this study, the topic is expanded to include latitudinal differences and local adaptations in egg hatch timing of geographically different populations of the above mentioned species and a third spring-feeding geometrid, the mottled umber, Erannis defoliaria (Clerck).
Epirrita autumnata is a common and widely distributed Holarctic species (Tenow, 1972; Tammaru et al., 2001) while O. brumata occurs naturally in most of Europe, but has also been introduced into North America (Embree, 1966; Gillespie et al., 1978; Tenow et al., 2013) . Erannis defoliaria is also widely spread in Eurasia, but the species is not as cold-hardy and does not occur as far north as the other two species (Ammunét et al., 2012) . Epirrita autumnata and O. brumata display cyclic population dynamics with outbreaks, the former species especially in the northern parts of its distribution and the latter throughout its distribution (Tenow, 1972; Bylund, 1999; Ruohomäki et al., 2000; Tenow et al., 2013) . The population dynamics of E. defoliaria have yet to be studied in detail in order to confi rm that its population dynamics is similar. During outbreaks, larvae of all species, which are polyphagous defoliators of deciduous trees and shrubs, may cause severe damage in forests and in the case of O. brumata and E. defoliaria, orchards, gardens and parks (Holliday, 1977; Tomiczek & Perny, 2005) . Unlike the females of E. autumnata those of both O. brumata and E. defoliaria are fl ightless, but the larvae of all species are capable of ballooning, i.e. they use thin strands of silk to carry them aloft and air born dispersal to move between locations (Edland, 1971; Bylund, 1999; Bell et al., 2005; Glavendekić, 2010) .
We determined whether eggs of moths from different locations hatch synchronously with each other when incubated under the same laboratory conditions, or whether the hatch times differ. We compared the results for the three species studied with each other in order to determine whether the magnitude of the differences are similar between species. Based on the results we hypothesize that climate change in relation to the differences in temperature sum of egg hatch and photoperiod requirements may have implications for potentially invasive pests.
MATERIAL AND METHODS

Experimental methods
To test the relative importance of the geographic origin of the populations studied on the timing of egg hatch, eggs of different origins were incubated under the same climatic conditions until they hatched.
Epirrita autumnata eggs were obtained from four females collected in the wild in Germany (Dresden, WGS84: 51°8´N, the chamber and timed to follow the weekly average sunrise and sunset times in southern Finland, rounded to the nearest half hour.
Larvae were counted and removed from the bottles daily except on three occasions. Larvae that eclosed between 4-6 th of May (eight E. autumnata larvae) were counted on the 6 th of May, and as it was not possible to tell on which of the three days they had eclosed they were divided between the three dates for the statistical analyses (three larvae for 4 th and 5 th of May and two for 6 th of May). In the same manner, larvae eclosed on 25 th or 26 th of May and 1 st or 2 nd of June were divided equally between the two dates. Later, the same statistical analyses were additionally run on a dataset where all the larvae were assumed to have eclosed on the day when they were counted (6 th and 26 th of May and 2 nd of June). However, the changes in the results were negligible.
Statistical analysis
We analyzed egg hatch timing in relation to temperature in a constant climate chamber. For this, egg-hatch times were measured in degree-days (DD), i.e. a cumulative sum of daily average temperatures exceeding a certain base level, in this case 5°C. The measurements started on the day when the eggs were transferred into the climate chamber, but the base level was fi rst reached some days later (Fig. 2) . The fi ve degrees Celsius threshold (DD5) is commonly used in botany and horticulture to mark the onset of the growing season (for example Pöyry et al., 2009) .
Statistical analyses were conducted separately for each geometrid species. As additional sets of eggs of Finnish E. autumnata and O. brumata were placed in the climate chamber one week later than the other eggs, the timing of the start of the experiment ("early" or "late") was merged with origin of population into one fi xed factor with fi ve levels. This yielded, for example, "eggs from Northern Finland placed into the chamber early" and "eggs from Northern Finland placed into the chamber late" as two separate groups for the analysis. The German eggs were all treated as "early".
We used linear mixed models with temperature sum at hatching as a response variable, and origin of the population merged with the timing of the experiment as a fi xed explanatory variable. Bottle replicate was set as a random factor and the variation it accounted for was tested using a likelihood-ratio test (LRT). Assumptions for the models were checked using the residuals. Inequality of variance among populations was accounted for by enabling between-subject heterogeneity for O. brumata and E. defoliaria but not for E. autumnata, as a corresponding model did not converge for this species. To facilitate accurate F-tests, the Kenward-Roger method was used for calculating the standard error and denominator degrees-of-freedom of the fi xed effect. All analyses were done using the GLIMMIX procedure in SAS v. 9.4 (SAS Institute Inc., Cary).
RESULTS
The percentage of eggs that hatched was high in all three species (E. autumnata 83.1%, O. brumata 81.5% and E. defoliaria 94.4%). However, it is worth noting that clearly discoloured or fl attened eggs were not included in this experiment. The total hatching period extended from 4 th of May (39.7 dd) to 2 nd of June (232.4 dd) (Fig. 2) . The population merged with the experiment timing was a highly signifi cant fi xed factor in the model for all three species (E. autumnata: F 4, 9.40 = 1240.5; p < 0.0001, O. brumata: F 2, 8.99 = 132.0; p < 0.0001, E. defoliaria: F 1, 20.72 = 67.1; p < 0.0001). The replicate as a random factor was not statistically signifi cant for any of the species (p > 0.1 in all LRTs).
The eggs from southern populations of all three species required a higher temperature sum for hatching than those from northern populations (Fig. 3) . In all cases, the difference was statistically signifi cant. However, the differences between the differently timed sets of eggs of E. autumnata and O. brumata were also signifi cant, with the eggs placed in the constant climate chamber a week later requiring larger temperature sums for hatching, although the differences in temperature sums were smaller than for those from different geographical locations.
The differences between the populations in temperature sum requirements differed considerably among the species (Fig. 3) . The difference between E. autumnata eggs from Germany and Southern Finland ("early") was 78.3 DD5, but for E. defoliaria the same difference was only 18.1 DD5. The situation was the same when populations from Germany and Northern Finland were compared, with the difference for E. autumnata 84.8 DD5 and O. brumata only 43.2 DD5.
DISCUSSION
For all three species of moth studied, eggs from northern populations required lower temperature sums for hatching than those from southern populations (Fig. 3) . A similar pattern has been observed earlier for O. brumata (Speyer, 1938; Wylie, 1960) . However, Hibbard & Elkinton (2015) did not fi nd any such differences between introduced O. brumata populations on Vancouver Island and in Massachusetts in North America. The pattern recorded might be an adaptation to match larval eclosion with bud burst of host trees, a critical synchrony for many spring folivores (Visser & Holleman, 2001; van Asch & Visser, 2007) , with trees from high-latitude populations frequently requiring a lower temperature sum for fl ushing in spring than their southern conspecifi cs (Worrall & Mergen, 1967; Myking & Heide, 1995) . Southern moth species spreading northwards would be subject to the risk of a mismatch between budburst and egg hatching in spring unless they can adapt to hatch at a lower temperature sum (Tikkanen et al., 2006; Saikkonen et al., 2012) . Even if temperatures increase due to global climate change, the relationship between budburst and egg hatch would remain the same, although both events would occur earlier in spring.
However, other environmental cues, most importantly day length, which is unaffected by climate change, may play an important role in both phenological events. Photoperiod is known to affect the timing of bud burst in, for example, white birch, Betula pubescens (Caffarra et al., 2011a, b) , the main host of both E. autumnata and O. brumata in northern Fennoscandia. It is also an important controller of life cycle events in many moth species, either alone or acting together with temperature (Danks, 1987; Valtonen et al., 2011) . Thus the matching of bud burst and hatching of geometrid eggs in a changing climate depends on the extent to which herbivores and their host plants use the same environmental cues for timing their phenology in spring. In fact, both trees and moths are likely to rely on a sophisticated combination of environmental cues for their development, with day length taken into account only when certain temperature requirements are already met or the reverse. The previous winter and autumn temperatures would then count towards the accumulating temperature sum in addition to the conditions in spring (Kaitaniemi & Ruohomäki, 1999; Visser & Holleman, 2001; Bale et al., 2002; Valtonen et al., 2011) . There is also evidence that not only the temperatures above a certain development threshold count, but that a "chilling sum" of accumulating cold temperatures and the length of the sub-zero chilling period is also important (Kimberling & Miller, 1988; Visser & Holleman, 2001; Hibbard & Elkinton, 2015) . A rise in temperatures could affect these combinations of control mechanisms in a number of ways, with, for example, day length becoming a new primary trigger or restrictor for phenological events if the temperature requirements are practically always met. An understanding of which combinations of environmental cues are relevant for triggering phenological events in both plants and their insect pests is crucial when making predictions of future distributional ranges of insect pests and the damage they will cause.
The recorded latitudinal difference in hatch timing is unlikely to be explained by size differences between eggs of northern and southern origins. Although eggs were not measured in this experiment, a previous analysis of data on egg size and time to egg hatch for E. autumnata did not yield any correlations [K. Ruohomäki, unpubl.; but see Ruohomäki et al. (1993) , in this experiment the effect of egg size on hatch timing, however, cannot be distinguished from that of the order in which the eggs were laid]. In either case, local differences in egg-size are more likely to be only a proximate cause of hatch timing, a mechanism for achieving an optimal synchrony in spring at different locations.
Although Kimberling & Miller (1988) show that at least O. brumata eggs from Oregon, USA start accumulating a temperature sum in mid-January, we cannot entirely rule out the possible effects of differences in conditions the eggs experienced in storage in the autumn, which may provide an explanation for differences in egg hatch timing in the different populations. The German eggs were stored outdoors and the Finnish ones in a laboratory. Because autumnal moth eggs start accumulating a temperature sum for hatching before the onset of winter (Kaitaniemi & Ruohomäki, 1999) , it is possible that the experimental eggs accumulated different heat sums in the autumn. This may have affected the results in two opposite ways. Firstly, the German eggs could have acquired a head start, as the outdoor temperatures that they experienced were at least temporarily higher than those the Finnish eggs experienced in the laboratory. If anything, this should have lowered the temperature sum requirements of the German eggs in spring, in which case the results, had the eggs been stored in identical conditions, should show an even more extreme difference in hatch timing between Finnish and German eggs than was recorded. Secondly, the German eggs may Fig. 3 . Model-derived marginal mean estimates with 95% confidence limits for accumulated temperature sums (dd > 5°C) at egg hatch. N.FI and S.FI stand for Northern and Southern Finland, respectively, and DE for Germany. The attribute "late" indicates that the eggs were transferred to the constant climate chamber one week later than the other eggs. Note the different scales of the y-axes. All groups differ (at α = 0.05) signifi cantly from all other groups in pairwise comparisons.
have experienced fewer chilling days than the Finnish eggs. Previous studies show, that the longer the period moth eggs experience chilling is, the lower temperature sums the eggs require in spring for hatching (Kimberling & Miller, 1988; for E. autumnata, K. Ruohomäki, pers. observ.) . If the chilling period had been similar for all eggs used in this study, the difference in hatching time between German and Finnish eggs might have been smaller.
The temperature sum requirements of the three species of moth differ considerably. Erannis defoliaria, the species which has the most southern range and which hatches later than the other two species, had a relatively small difference in hatch timing between the two test populations, whereas for the northernmost species, the early hatching E. autumnata, there were large differences in hatch timing between the Finnish and German populations (Fig. 3) . This may refl ect different host-larva relationships in the different species, with some species being more fl exible in the use of various host plants or the synchrony between budburst and egg hatch being more critical for some species than others. The number of available host plant species and host plants at different stages of leaf development is in general larger in the south than in the north. Southern polyphagous folivores may thus not be at as great a risk as northern species of not being synchronized with any one host plant, as there will always be something suitable to eat, especially if the eggs hatch late in spring when practically all the plants have started fl ushing. The southernmost species studied, E. defoliaria, also has slightly larger eggs and neonate larvae than the other two species and hence perhaps is also able to process older and tougher leaf material after hatching.
From the above discussion, it is evident that while our results indicate that the eggs of northern moths hatch at a lower temperature sum than those of southern moths in all three geometrid species studied, it is not possible to make a simple generalization concerning latitudinal clines in temperature sum requirements for egg hatch, as the magnitude of the differences differ greatly between species.
In our experiment, E. autumnata eggs from northern Finland hatched earlier than those of O. brumata from the same area (54.5 DD5 vs. 117.0 DD5, Fig. 3 ). As the larvae of both species primarily feed on Betula pubescens ssp. czerepanovii in Northern Finland, the eggs should hatch at the same time if both species are dependent on the same developmental phase of the host leaves. Mjaaseth et al. (2005) report that of larvae that originate from northern Norway those of E. autumnata are one instar ahead of those of O. brumata in development and attribute this to the faster development of early instar larvae of E. autumnata. However, a difference of about one week in egg hatch and one instar in larval development between E. autumnata and O. brumata has been also routinely recorded in our experiments in northern Finland, and Jepsen et al. (2011) show that there is a difference in the egg hatch times of E. autumnata and O. brumata. Synchrony between O. brumata and its various host plants, ranging from broad leaved species, such as mountain birch, apple (Malus domestica) and oak (Quercus robur) to sitka spruce (Picea sitchensis) and common heather (Calluna vulgaris), has been extensively studied (Holliday, 1977; Kerslake & Hartley, 1997; van Dongen et al., 1997; Bylund, 1999; Visser & Holleman, 2001; Tikkanen & Lyytikäinen-Saarenmaa, 2002 ). These studies highlight in an exemplary way the variability in hatch-budburst synchrony and consequently its varying importance even for different, highly local populations of the same species of moth. It may well be that synchronizing egg hatch with the youngest mountain birch leaves is more important for E. autumnata than O. brumata, or that O. brumata larvae actually prefer slightly larger birch leaves, as they feed on leaves that are loosely spun together with silk (Tenow, 1972) .
Interestingly, E. autumnata, the only species for which we studied eggs from all three geographical populations, has small differences between the S.FI and N.FI populations in temperature sum at hatching, but a much larger difference between the S. FI and DE populations (6.5 DD5 vs. 78.3 DD5, Fig. 3) . However, in spring, the differences in temperature sum accumulation and, for example, photoperiod are greater between the two Finnish locations than between southern Finland and Germany. While the result may at least partly be due to the different conditions at which the eggs of the different populations were stored, as discussed above, we can suggest at least two biological explanations for this unexpected pattern. First, it could simply refl ect differences in the evolution and distributional histories of the three populations. The Central European and Finnish E. autumnata populations may have separated from each other a long time ago, with the Finnish population later spreading gradually northwards and consequently having less time to diversify. Even if the species may have been present in all three locations for equally long periods, there may be more genetic exchange between the two geographical ends of the continuous E. autumnata population within Finland than between the Central European and Finnish populations separated by the Baltic Sea, even though the distance between the southern and northern Finnish location is roughly the same as the distance between the southern Finnish and German location (Fig. 1) . Second, the highly polyphagous E. autumnata may feed on a different set of host plants in Central Europe than in Finland and may synchronize its egg hatch to match the phenology of the dominant host plant at both these locations.
The difference in temperature sum required for hatching of the "early" eggs and eggs placed in climatic chamber one week later is consistent with previous studies showing that the classical +5°C base temperature for the botanical growing season may not be a biologically relevant threshold for the development of moth eggs, at least not for all moth species, and perhaps especially not for species feeding on newly-fl ushed foliage in spring (Embree, 1970; Kimberling & Miller, 1988; Valtonen et al., 2011) . In our experiment, both "early" and "late" eggs were transferred to the constant climate chamber while temperatures were still below +5°C and they should have accumulated similar temperature sums above that temperature. However, in both E. autumnata and O. brumata the early eggs hatched before the late ones, indicating that they had already started to develop before the temperatures reached +5°C. Embree (1970) and Kimberling & Miller (1988) report that the developmental threshold of O. brumata is 3.9°C and 4°C respectively in Nova Scotia, Canada and Oregon, USA, while that of O. brumata eggs in northern Norway is as low as 1.4°C (Jepsen et al., 2011) and E. autumnata eggs from northern areas may resume development in spring when the temperatures are still below zero (Nilssen & Tenow, 1990) .
Interestingly, Kimberling & Miller (1988) show that the duration of the chilling period, during which the eggs were exposed to 1°C, not only affected the temperature sum accumulation over a certain development threshold required for hatching, but also the threshold itself. In their experiment eggs experiencing a long chilling period had a lower development threshold than eggs with a short chilling period. Based on this result and the variation between 1.4°C and 4°C reported as the development thresholds for O. brumata it can be assumed that moth eggs from northern populations experiencing long winters have lower development thresholds than populations in areas with a less severe winter. Following Kimberling & Miller (1988) , the development threshold is however not intrinsically determined by the average conditions experienced by the population in the past but the temperatures they are currently exposed to. Thus eggs from different populations that are exposed to the same environmental conditions should have the same development threshold, and our results for eggs originating from different geographical locations but kept under similar environmental conditions should be comparable with each other in terms of temperature sum accumulation, although the actual number of degree days at hatching would be different if another threshold temperature is used.
Yet another possible mechanism underlying latitudinal differences in development and hatch timing -in addition to northern eggs requiring lower temperature sums for hatching or alternatively having a lower development threshold altogether -would be variation in the thermal reaction norm of geographically different populations. It is possible that the embryos of individuals from northern populations develop faster than those from southern populations, especially at colder temperatures (van Doorslaer & Stoks, 2005) . In other words, there could be local adaptation in speed of development as well as in the increase of speed of development with increase in temperature. However, based on our results it is impossible to distinguish between the potential proximate mechanisms, or likely their combinations, that would result in moth eggs from northern populations hatching earlier than those of southern origin.
We conclude that the temperature sum requirements for egg hatch differ, not only between the three species of moth studied, but also between southern and northern populations of the same species. The differences are not similar between species and do not necessarily change linearly with latitude, but may refl ect different evolutionary and distributional histories or different host plant preferences of the local populations, although differences in the conditions in which the eggs were stored in autumn may also have infl uenced the results recorded in this study. We argue that rising temperatures due to climate change affect host-insect pest relationships differently depending on what environmental cues the species use to control their phenology in spring. It is recommended that this is taken into account when predicting insect range expansions and pest damage in a changing climate. Further experiments carried out under controlled laboratory conditions and in the fi eld are being done using the same and additional species of moth to further investigate the role of temperature and photoperiod, both acting independently and together, on not only egg hatch but also other life cycle events of forest insect pests.
